Selective protein degradation by the ubiquitin-proteasome pathway serves as a powerful regulatory mechanism in a wide variety of cellular processes. Ubiquitin conjugation requires the sequential activities of three enzymes or protein complexes called the ubiquitin-activating enzyme (E1), 1 the ubiquitinconjugating enzyme (E2), and the ubiquitin-protein ligase (E3) (1) . In the ubiquitin pathway, E3 plays an important role in the selection of target proteins for degradation, because each distinct E3 usually binds a protein substrate with a degree of selectivity for ubiquitylation. E3s are believed to exist as molecules with a large diversity, presumably in more than hundreds of species, which are classified into many subfamilies.
One of the best characterized E3 families is the Skp1-Cullin1-F-box protein-Roc1 (SCF) complex (2) . The SCF is composed of a Cullin1/Cdc53, Skp1, Roc1/Rbx1/Hrt1, and one member of a large family of proteins called F-box proteins. F-box proteins typically have a bipartite structure with an N-terminal F box motif consisting of ϳ40 amino acid residues and a C-terminal region that interacts with the substrate and, thereby, the function of the F-box protein is to trap target proteins (3, 4) . However, it remains elusive how E3s accurately recognize target proteins. Accumulating evidence suggests that phosphorylation of target proteins is a prerequisite for their recognition by SCF complexes (1, 2, 4) . In addition, it has been shown that proline hydroxylation of the transcription factor hypoxia-induced factor 1␣ (HIF1␣) serves as a signal for ubiquitylation by the SCF-like Cullin2-based VBC ubiquitin-ligase (5, 6) . On the other hand, we have reported recently that Fbx2 forms an SCF Fbx2 ubiquitin ligase complex that targets sugar chains in N-linked glycoproteins for ubiquitylation (7) . Thus, Fbx2 is a novel example of F-box proteins that have evolved to recognize protein modifications other than phosphorylation and hydroxylation. N-glycosylation acts as a targeting signal to eliminate intracellular glycoproteins by Fbx2-dependent ubiquitylation and subsequent proteasomal degradation.
N-glycosylation of the proteins occurs when newly synthesized proteins enter the endoplasmic reticulum (ER) through the translocation channel "translocon." N-glycans play an important role in glycoprotein transport and sorting (8) , in particular at the initial step of secretion that occurs in the ER compartment (9, 10) . N-linked glycoproteins are subjected to "quality control" in which aberrant proteins are distinguished from properly folded proteins and retained in the ER (10) . The quality control system includes the calnexin-calreticulin cycle, a unique chaperone system that recognizes Glc 1 Man 9 -6GlcNAc 2 and assists refolding of misfolded or unfolded pro-* This work was supported in part by Grants-in-Aid from the Ministry of Education, Science, and Culture of Japan and the Mizutani Foundation for Glycoscience, Tokyo, Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed teins. When the improperly folded or incompletely assembled proteins fail to restore their functional states, they are degraded by the ER-associated degradation (ERAD) system, which involves a retrograde transfer of proteins from the ER to the cytosol followed by degradation by the proteasome (11) (12) (13) (14 -16) . It has been reported that many E3s are involved in the ERAD pathway, such as ER-embedded Hrd1 (17) and Doa10 (18) , which have overlapping functions in yeast, and gp78 (19) , CHIP (20) and Parkin (21) , which ubiquitylate ER membrane proteins such as cystic fibrosis transmembrane conductance regulator (CFTR) and the Pael receptor in mammals. In addition, we have recently identified a novel member of the ERAD-linked E3 family, SCF Fbx2 , which participates in ERAD for selective elimination of glycoproteins (7) . Misfolding or misassembly might be the general feature of all substrates; however, Fbx2 is expressed mainly in neuronal cells in the adult brain (22) . Winston et al. (3) and Ilyin et al. (23) reported previously that several F-box proteins, including Fbx2, contain a conserved motif F-box-associated (FBA) domain or G-domain (sharing similarity with bacterial protein ApaG) in their C termini.
The present study is an extension of the above mentioned research work and was designed to determine whether these F-box proteins also recognize N-glycans. Our results showed that Fbx6b/FBG2 bound several glycoproteins, but other F-box proteins failed to bind any of the glycoproteins tested so far. In considering the results of these functional studies, we renamed Fbx2/FBG1 and Fbx6b/FBG2 Fbs1 (F-box protein that recognizes sugar chains 1) and Fbs2, respectively. We found that Fbs2 is widely distributed in a variety of mouse tissues, differing from the restricted expression of Fbs1. Furthermore, a dominant negative Fbs2 mutant suppressed degradation of a typical ERAD substrate, the T cell receptor ␣ subunit (TCR␣). Taken together, we concluded that Fbs2 is a new member of the E3-Fbs subfamily for ubiquitylation of N-linked glycoproteins and plays a role in the ERAD pathway.
EXPERIMENTAL PROCEDURES
Materials-Ribonuclease B, fetuin, asialofetuin type II, and thyroglobulin were purchased from Sigma. ␤-galactosidase (Streptococcus 6646K) and ␤-N-acetylhexosaminidase (Jack Bean) were purchased from Seikagaku-Kogyo (Tokyo, Japan), and N-glycosidase F was from Roche Applied Science. Affi-Gel 10 and 15 were from Bio-Rad and were used according to the instructions provided by the manufacturer. Di-Nacetylchitobiose (chitobiose) was purchased from Seikagaku-Kogyo, Man 8 Fbs2, Fbx17 , and FBG3 were amplified by PCR with Taq polymerase (Sigma) from mouse kidney cDNA. The PCR primers were as follows: 5Ј-TCT CTG GGA TCC CCA TGG TCC ACA TCA AGG AG-3Ј and 5Ј-GAG CCT GAG CGG CCG CTA ACG CCT TAG CCT TTG CCA-3Ј for Fbs2; 5Ј-CTG ACC GGA TCC TCA TGG GAG CGC GGC CCT CG-3Ј and 5Ј-ACC TGA AGG CGG CCG CAT CAC ATC ATG GTA GTC C-3Ј for Fbx17; and 5Ј-ACG CCA GGA TCC CAG TAG GCA ACA TCA ACG-3Ј and 5Ј-TGA GGA CTG CGG CCG CTC AGG AGG CAT CAG GGC AG-3Ј for FBG3. PCR products were digested with BamHI/NotI, subcloned into pBluescriptII SKϩ, and sequenced. The cDNAs of wild-type or deletion mutants were amplified by PCR with appropriate primers and ligated into BamHI/NotI-cut pcDNA3-FLAG or pVL1393-His expression vector. The coding residues of the Fbs2 deletion mutant ⌬F were from amino acids 47 to 295.
Overlay Assay-Cultured cells and mouse tissues were homogenized in 10 volumes of TBS (20 mM Tris-HCl, pH 7.5, and 150 mM NaCl) containing 0.5% Nonidet P-40 and protease inhibitor mixture (complete EDTA-free; Roche Applied Science). After centrifugation of the homogenate at 15,000 ϫ g for 30 min, each supernatant (15-mg proteins) was incubated with 50 l of various lectin-agaroses under gentle rotation at 4°C for 2 h. The agaroses were washed with ice-cold TBS containing 0.5% Nonidet P-40, and bound proteins were boiled with SDS sample buffer. Proteins were separated with SDS-PAGE and blotted onto a membrane (Immobilon, Millipore, Bedford, MA). To prepare the [ Each extract of Neuro2a (N2a), P19, PC12 cells, and tissues from adult mice (brain and testis) was incubated with ConA, RCA, or WGA lectin-agarose. The lectin-bound proteins were separated with 4 -20% SDS-PAGE and then transferred to membranes that were used for the overlay assay.
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S-labeled Fbs2/Fbx6b ⌬F, Fbs1/Fbx2 ⌬N-2, and ␤TrCP1 ⌬F were used for the probes. Northern Blot Analyses-Tissues from 8-week-old ICR mice were employed for RNA extraction using the guanidine thiocyanate method. 15 g of total RNA was fractionated on a denaturing formaldehydeagarose gel (1%) and then transferred onto a nylon membrane (Nytran, Schleicher & Schuell). Northern blots were probed with the full-length Fbs1 or Fbs2 cDNA that had been labeled with [␣ 32 P]dCTP. The blots were washed at 65°C in 0.2ϫ standard saline citrate containing 0.1% SDS and then exposed and analyzed with a Molecular Imager FX (Bio-Rad).
Fbs2, a New Sugar-recognizing Ubiquitin Ligase
In Vitro Ubiquitylation Assays-Recombinant His-Ubc4 and HisUbc12, His-NEDD8, and GST-ubiquitin were produced in Escherichia coli. Recombinant His-E1 (Uba1), His-APP-BP1/T7-Uba3, and SCF
Fbs2
(FLAG-Skp1/Cul1-HA/His-Fbs2/T7-Roc1) were produced by baculovirus-infected HiFive or Sf9 insect cells. The SCF Fbs2 complex was obtained by simultaneously infecting four baculoviruses. These proteins were affinity-purified by a HiTrap HP column (Amersham Biosciences) as described previously (24) .
The methods for preparation of GlcNAc-terminated fetuin (GTF) and deglycosylated fetuin (DGF) were described previously (7). One microgram each of GTF or DGF was incubated in 50 l of the reaction mixture containing the ATP-regenerating system, 0.5 g E1, 1 g of Ubc4 (E2), 2 g of SCF Fbs2 , and 6.5 g of recombinant GST-ubiquitin in the presence or absence of the NEDD8 system (24) consisting of NEDD8 (10 g), APP-BP1/T7-Uba3 (0.5 g), and Ubc12 (0.5 g) at 30°C. After terminating the reaction by the addition of 25 l of 3ϫ SDS-PAGE sample buffer, the proteins in 8 l of the boiled supernatants were separated with 4 -20% SDS-PAGE, and the high molecular mass ubiquitylated proteins were detected by immunoblotting with an anti-fetuin (Chemicon) or anti-GST (Ab-1; Calbiochem, La Jolla, CA) antibody.
Pull-down Assay-Each 2.0 mg of glycoprotein was immobilized to 0.5 ml of Affi-Gel 10 or 15. Each cell extract prepared with TBS containing 0.5% Nonidet P-40 from FLAG-tagged Fbs2 (⌬F) or Fbs1 (⌬N-2)-expressing cells (25 g) was incubated with 15 l of various glycoprotein-immobilized beads, and bound proteins were eluted by boiling with SDS sample buffer or incubation with 15 l of various concentrations of oligosaccharides at room temperature for 10 min. The eluates were separated by spin filtration.
RNA Interference Experiment-Twenty-one nucleotide dsRNAs were prepared by Dharmacon (Lafayette, CO). The siRNA sequences targeting Fbs2 mRNA (GenBank TM accession number NM 018438) corresponded to the coding regions 285-304 (GAGGAUAUGUUUGCA-UGGC) and 754 -773 (ACAGCAGCAUUGUCGUCAG) relative to the first nucleotide of the start codon. A nonspecific control duplex was purchased from Dharmacon. 293T cells were transfected with siRNA and/or plasmid DNA by the use of LipofectAMINE Plus (Invitrogen). Total RNA was isolated with TRIZOL reagent (Invitrogen). Reverse transcription PCR was performed using total RNA of 293T cells as a template. The 5Ј and 3Ј primers were 5Ј-CCTCCTGGCGGGACCTCA-TCG-3Ј and 5Ј-ACCAGCTGGGACTTGAGGCAC-3Ј for Fbs2 and 5Ј-G-AGCTGAACGGGAAGCTCAC-3Ј and 5Ј-ACCACCCTGTTGCTGTAG-C-3Ј for the glyceroaldehyde-3-phosphate dehydrogenase, respectively.
Metabolic Labeling and Immunoprecipitation-293T cells were transiently transfected with1 g of the TCR␣-HA expression plasmid and 1 g of the Fbs2 plasmid or pcDNA3. Twenty-four hours after transfection, 293T cells were starved for 30 min in methionine-and cysteinefree Dulbecco's modified Eagle's medium containing 10% dialyzed fetal calf serum. Cells were then labeled for 30 min with 150 Ci of Pro-Mix L-
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S in vitro cell-labeling mix (Amersham Biosciences) per milliliter. For pulse-chase experiments, cells were washed after labeling and chased with complete Dulbecco's modified Eagle's medium containing 10% fetal calf serum for different lengths of time at 37°C. In experiments with tunicamycin, cells were treated with 5 M tunicamycin (Wako Pure Chemical Industries, Osaka, Japan) 2 h prior to and throughout the labeling period. In the experiments of Fbs2 knock-down by siRNA, cells that had been co-transfected with 4.2 g (300 pmol) of siRNA duplex and 1 g of the TCR␣-HA expression plasmid and cultured for 48 h were metabolically labeled with the cell-labeling mix. After labeling or chase, cells were washed with ice-cold phosphatebuffered saline and lysed with TBS buffer containing 0.1% SDS and 1% Nonidet P-40. In co-immunoprecipitation experiments, TBS buffer containing 1% Triton X-100 was used for lysing. After one cycle of freezethaw, cell lysates were cleared by centrifugation, and the supernatants were used for immunoprecipitation. Briefly, the supernatants were precleared with protein A-Sepharose (Amersham Biosciences), mouse monoclonal antibodies, anti-FLAG (M2; Sigma), and anti-HA (HA11, BABCO) were then added, and incubation was performed at 4°C with rotation. Immune complexes were then incubated with protein A-Sepharose, collected by centrifugation, and washed four times with the lysis buffer. For protein analysis, immune complexes were dissociated by heating in SDS-PAGE sample buffer and loaded onto SDS-PAGE. After drying, gels were exposed, and radioactive band intensity was measured using Molecular Imager FX. All experiments described in this study were approved by the institutional ethics review committee for animal experimentation.
RESULTS

Fbs2
Interacts with High Mannose Oligosaccharide-containing Glycoproteins-We reported recently that Fbs1/Fbx2/ NFB42 forms a SCF Fbs1 ubiquitin ligase complex that targets N-linked high mannose oligosaccharides in glycoproteins for ubiquitylation (7) . Fbs1 interacts with substrate glycoproteins through its C-terminal domain, which shows high homology with other F-box proteins (3, 23) . To explore the presence of other F-box proteins that recognize N-glycans, we isolated mouse cDNA clones that encode F-box proteins homologous to Fbs1 and examined the properties of the proteins with regard to interaction with N-linked glycoproteins. The mouse Fbs2/ Fbx6b/FBG2, Fbx17/FBG4, and FBG3 cDNA clones obtained by reverse transcription PCR were expressed in 293T cells as FLAG-tagged, full-length F-box proteins, and these cell extracts were incubated with various N-linked glycoproteins. Only Fbs2 bound several glycoproteins, whereas the other Fbox proteins failed to bind any of the glycoproteins tested (see Fig. 3 , and data not shown).
Next, we investigated the interaction of these F-box proteins with oligosaccharides on endogenous proteins by overlay assay. To enrich glycoproteins that were fractionated by their oligo- saccharide structures, we prepared proteins bound to lectins from the extracts of several cell lines and adult mouse tissues. These glycoproteins were then separated by SDS-PAGE and detected by each 35 S-labeled F-box protein. In glycoproteins bound to ConA, a lectin that binds to high mannose oligosaccharides, many protein bands were detected by Fbs1 and Fbs2 probes (Fig. 1) . These glycoproteins did not bind to ␤TrCP1, which is a F-box protein with WD repeats for substrate recognition (1, 2) (Fig. 1) . On the other hand, a few proteins reacted with Fbs1 and Fbs2 in the glycoproteins bound to RCA120, a lectin that binds to terminal Gal␤1-4GlcNAc or WGA and is specific for terminal GlcNAc or sialic acids (Fig. 1) . The broad 75-80-kDa protein band(s) and the 60-kDa protein in the WGA-bound fraction prepared from brain extract seemed to be identical to that bound to ConA. Because many proteins contain several and/or structurally diversified oligosaccharides, these 75-80-kDa and 60-kDa proteins may be modified by high mannose oligosaccharides and complex type glycans. The whole pattern of the protein bands detected by the Fbs2 probe was almost the same as those detected by Fbs1, but the strength of binding activity with Fbs2 seemed to be somewhat weak compared with Fbs1. Any glycoproteins concentrated with ConA, RCA120, and WGA lectins failed to be detected with Fbx17 and FBG3 probes (data not shown). These results suggest that high mannose oligosaccharides are important for the substrate recognition by Fbs2 as well as Fbs1.
Expression of Fbs Genes in Mouse
Tissues-Fbs1 is reported to be expressed in the adult rat brain but not in non-neural tissues (22) . We compared the expression patterns of Fbs1 and Fbs2 by Northern blot analysis in 12 different mouse tissues. This analysis demonstrated that the Fbs1 transcript of ϳ1.5 kb mRNA was expressed in the brain and, to a lesser extent, in the testis (Fig. 2) . Western blot analysis using Fbs1 polyclonal antiserums confirmed that Fbs1 protein is present only in the brain and testis among the 12 different tissues examined (data not shown). The transcription of Fbs1 appeared in 1-week-old mice, reaching the highest level in the adult brain. On the other hand, an ϳ1.8-kb transcript of Fbs2 was detected in various tissues, mainly in the heart, intestine, kidney, liver, lung, muscle, stomach, and testis as well as other tissues (brain, skin, spleen, and thymus) with low abundance. Fbs2 expression was not observed in the fetus, but became detectable after birth and increased in the adult brain. Thus, although the A, in vitro ubiquitylation of GTF by the SCF Fbs2 E3-ligase system. Ubiquitylation of GTF was confirmed by omission of E1, E2, ATP, E3, or GTF from the reaction mixtures at 30°C for 2 h. The higher molecular mass-ubiquitylated GTF ((GST-Ub)n-GTF) was detected by immunoblotting with anti-fetuin (top) and anti-GST (bottom) antibodies. B, N-linked oligosaccharides are required for ubiquitylation. In vitro ubiquitylation was performed with GTF and DGF. Asterisk, a nonspecific band detected by anti-fetuin antibody.
Fbs2, a New Sugar-recognizing Ubiquitin Ligase
expression of Fbs1 is restricted to the brain and testis, the Fbs2 transcript is ubiquitously expressed in all tissues examined.
In Vitro Ubiquitylation Assay of Fbs2-To directly demonstrate the E3 ubiquitin ligase activity in SCF Fbs2 , we devised a fully reconstituted system for ubiquitylation of GTF in the presence of the NEDD8 system. To this end, we produced all components required for these systems as recombinant or purified proteins (see "Experimental Procedures"). Ubiquitylation of GTF by GST-tagged ubiquitin was detected by immunoblotting using an anti-fetuin or anti-GST antibody. No ubiquitylation activity was detected in the absence of E1, E2, ATP, SCF Fbs2 , or GTF (Fig. 3A) . The amount of ubiquitylation increased in a time-dependent manner (Fig. 3B ). In addition, N-glycanase F-treated fetuin (DGF) was not ubiquitylated in vitro by SCF Fbs2 (Fig. 3B) . These results indicate that SCF
Fbs2
is an E3 ubiquitin ligase that recognizes N-glycans in glycoproteins.
Binding Specificities of N-Glycans to Fbs1 and Fbs2-To compare the binding specificities to N-glycans between Fbs1
and Fbs2, a pull-down assay using several N-linked glycoproteins was carried out (Fig. 4) . Whereas Fbs2 could bind to GTF but weakly to fetuin and asialofetuin, Fbs1 bound to asialofetuin and GTF more efficiently than to intact fetuin. Both Fbs1 and Fbs2 bound efficiently with glycoproteins containing mannose-terminated N-glycan(s), mannose-terminated fetuin, thyroglobulin, and RNase B, suggesting that mannose-terminated N-glycans (the number of mannose residues is irrelative) are required for the efficient binding of these Fbs proteins. On the other hand, the efficiency of elution of the proteins from the glycoproteins by chitobiose was different between Fbs1 and Fbs2. Although Fbs1 could be eluted efficiently by 0.1 M chitobiose from the N-linked glycoproteins tested, Fbs2 failed to be eluted by chitobiose. To characterize in more detail the binding specificities, we first quantified the oligosaccharide binding to Fbs proteins using a series of oligosaccharides labeled with 2-aminopyridine (25) . However, we found that the innermost GlcNAc residue modified with 2-aminopyridine greatly reduced (10 2-3 ) the Fbs1 and Fbs2 binding (data not shown). Therefore, we next examined the efficiency of elution of the Fbs proteins Extracts of cells expressing Fbs2 ⌬F and Fbs1 ⌬N-2 were incubated with glycoprotein-immobilized beads. The beads were washed, and then halves of the beads were eluted with N,NЈ-diacetylchitobiose (e), and the other halves were boiled with sample buffer (b). Lysates (7.5 g), eluates, and bound proteins were analyzed by immunoblotting an anti-FLAG antibody (top) and their binding efficiencies were classified as Ϫ, Ϯ, ϩ, ϩϩ, and ϩϩϩ (bottom). (Fig. 5) (7) . All Nglycans containing a diacetylchitobiose structure with mannose residues, Man 9 GlcNAc 2 , Man 8 GlcNAc 2 , Man 5 GlcNAc 2 , and Man 3 GlcNAc 2 were found to cause elution of Fbs2 from RNase B at similar concentrations (Fig. 5A, lanes 1-16) . In addition, the presence of the asparagine residue did not affect the efficiency of the elution (lanes 13-20) . However, the amount of Fbs2 eluted by Man 5 GlcNAc 1 or chitobiose was 3-4 orders of magnitude lower than that by Man 3-9 GlcNAc 2 , indicating that both the inner diacetylchitobiose structure and terminal mannose residues are required for efficient Fbs2 binding (compare lanes 13-16 with lanes 21-28) . The addition of GlcNAc residues on mannose residues in Man 3 GlcNAc 2 reduced ϳ10 2 the elution efficiency, and core-fucosylation caused further reduction (lanes 9 -12 and lanes 29 -34, Fig. 5A ). The tendency of elution of Fbs1 bound to RNase B by oligosaccharides was similar to that of Fbs2 (Fig. 5B) . Compared with Fbs2, however, all oligosaccharides tested were found to elute Fbs1 at almost 10 2 lower concentrations. These data suggest that Man 3-9 GlcNAc 2 is required for the efficient binding of both Fbs1 and Fbs2 and that the dissociation of Fbs2 from the N-glycans is lower than that of Fbs1.
Fbs2, a New Sugar-recognizing Ubiquitin Ligase
Involvement of Fbs2 in the ERAD Pathway-To investigate the role of Fbs2 in the ERAD pathway, we used the TCR␣ subunit as a substrate for ERAD. TCR␣ is a type I glycoprotein attached to four N-glycans, and unassembled TCR␣ chains are degraded by proteasomes following their dislocation from the ER membrane (26) . To examine whether the interaction of Fbs2 with TCR␣ mediates N-glycans, TCR␣-expressing cells were labeled in the presence of tunicamycin, a glycosylation inhibitor, and immunoprecipitated. After tunicamycin treatment, 38-kDa glycosylated TCR␣-HA protein shifted to 28 kDa. Full-length Fbs2 and ⌬F could interact with glycosylated TCR␣, whereas they failed to interact with deglycosylated TCR␣ (Fig. 6A) .
We performed pulse-chase analysis using 293T cells co-expressing HA-tagged TCR␣ (TCR␣-HA) and FLAG-tagged Fbs2 derivatives (Fig. 6B) . Although wild-type Fbs2 did not influence the kinetics of TCR␣ degradation, co-expression of ⌬F efficiently suppressed the decay of TCR␣ (Fig. 6B) . To confirm the involvement of Fbs2 in the ERAD pathway, we performed further experiments aimed at reducing the level of endogenous Fbs2 using synthetic siRNA (Fig. 6, C and D) . Although a nonspecific control duplex (designated N in Fig. 6, C and D) did not affect the expression of Fbs2, Fbs2-specific siRNA (285 or 754) decreased the Fbs2 expression (Fig. 6C) . In the pulsechase analysis of TCR␣, although reduction of TCR␣ expression still occurred with siRNAs both specific and nonspecific to Fbs2, only Fbs2-specific siRNAs, not the nonspecific ones, decreased the rate of TCR␣ degradation (Fig. 6D) . These results point to the involvement of Fbs2 in the ERAD pathway for misfolded and unassembled glycoproteins through its interaction with N-glycans.
DISCUSSION
Most proteins in the secretory pathway, such as membrane proteins and secretory proteins, are modified with N-glycans in the ER. In the early secretory pathway, N-glycosylation facilitates conformational maturation by promoting the glycoprotein-folding machinery consisting of two homologous lectins, calnexin and calreticulin, which interact with monoglucosylated N-linked core glycans in concert with UDP-glucose:glycoprotein glucosyltransferase (UGGT) and glucosidase II (10, 27) . Recent studies suggest that mannosidase I and EDEM, an ER-degradation-enhancing ␣-mannosidase-like lectin, play a pivotal role in the selective disposal of misfolded glycoproteins (14 -16) and that the misfolded proteins are accepted from calnexin by EDEM (28, 29) . In the present study, we report that Fbs2, in addition to Fbs1, formed an SCF-type ubiquitin ligase that is responsible for the ubiquitylation of N-linked glycoproteins in the ERAD pathway. These findings indicate that the N-glycan of misfolded proteins functions as a covalent tag for recognition by not only folding but also by degradation machinery.
Our data indicate that both Fbs1 and Fbs2 recognize Nlinked high mannose oligosaccharides, especially their internal diacetylchitobiose structure. In many native glycoproteins, the internal diacetylchitobiose is not accessible to macromolecules such as peptide N-glycanase (PNGase), and cleavage of oligosaccharides requires denaturation of the glycoproteins in vitro. On the other hand, it has been suggested that UGGT, which is responsible for re-glucosylation of the substrate so that it can reassociate with calnexin or calreticulin in the ER, recognizes both the innermost GlcNAc unit of the oligosaccharide and protein domains with hydrophobic patches exposed in the substrates (30) . As it is well known that re-glucosylation by UGGT occurs only if the glycoprotein is incompletely folded, UGGT serves as a sensor for misfolded proteins in the ER (27) . Because Fbs proteins are involved in the ERAD pathway, the inner chitobiose residues of the target glycoproteins for Fbs may be exposed to outside molecules generated through protein denaturation. Thus, it is possible that Fbs proteins recognize inner chitobiose in a manner similar to peptide N-glycanase or UGGT.
We also found that Fbs2 as well as Fbs1 could recognize not only high mannose oligosaccharides but also other type Nglycans (Fig. 4) , suggesting the general role of Fbs-related SCF in glycoprotein clearance in the cytosol. It is also possible that these ubiquitin ligases mediate ubiquitylation of exogenous or membrane proteins endocytosed, but leaked in the cytosol, into the cells. This is not unusual, because it is well known that extracellular proteins incorporated by phagocytosis into dendritic cells are presented to major histocompatibility complex class I molecules after proteasomal degradation (31) . There are also other studies that demonstrate that the transfer of endocytosed proteins into the cytosol by unknown mechanisms prior to their proteasomal processing and/or destruction is sensitive to proteasome inhibitors (32) .
Although Fbs proteins recognize high mannose N-glycans, their affinities for oligosaccharides seem to be different. An overlay assay for the glycoproteins using labeled Fbs proteins revealed that the strength of the binding ability of Fbs2 was weaker than that of Fbs1 (Fig. 1) . Furthermore, using several oligosaccharides from N-linked glycoproteins, we showed that the dissociation of Fbs2 was lower than that of Fbs1 (Fig. 5) . Although the in vitro ubiquitylation of GTF by SCF Fbs1 and the interaction of glycoproteins with Fbs1 in the overlay assay were inhibited by chitobiose, the addition of chitobiose inhibited neither ubiquitylation by SCF Fbs2 nor the interaction with Fbs2 (data not shown). In addition, whereas Fbs1 interacted strongly with pre-integrin ␤1 (7), Fbs2 did so only weakly (data not shown). On the other hand, Fbs2 bound strongly to TCR␣, relative to Fbs1, in 293T cells, and the degradation of TCR␣ was more markedly suppressed by the dominant negative form of Fbs2 than by that of Fbs1 (Fig. 6, and data not shown) . In addition to these properties, the Fbs2 transcript is widely expressed in various tissues in contrast to the limited expression of Fbs1 in the brain and testis (Fig. 2) , suggesting that these Fbs proteins have distinct substrates or roles in vivo.
It has been reported that Fbs1 belongs to a subfamily consisting of at least five homologous F-box proteins (23) . Among them, the FBG3 protein exhibits 75% identity with Fbs2, and the identity of Fbs1 and Fbs2 is similar to that of Fbs1 and FBG3 (23) . Interestingly, Fbs1, FBG3, and Fbs2 genes are located in tandem on chromosome (23) , and the expression of FBG3 is observed ubiquitously but strongly in the brain and testis (data not shown). It is anticipated that FBG3 can recognize high mannose N-glycans because of their high homology. However, we could not detect any sugar-binding activity for FBG3 even though several assay systems were used in our studies. One possibility is that FBG3 suffers a negative modification that prevents it from accessing glycoproteins or that some modification of FBG3 is needed for the target recognition. Alternatively, this could be simply due to different substrate specificities. On the other hand, the expression of FBG4/Fbx17 and FBG5 transcripts is restricted, compared with those of Fbs2 and FBG3 (23) , and the FBG4 protein shows a high homology with FBG5 (23), suggesting that they are another subfamily of F-box proteins that recognizes other sugar chains or other modifications.
